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Abstract 
This study numerically investigates the performance of the melting process for a PCM based 
heat storage system under the effect of different variables in a vertical container with a copper 
metal foam. Different cases were studied and compared including the effects of variable 
porosities and pore densities, non-equilibrium porous medium model, a multiple-segment 
metal foam case and different heater locations in the system on the liquid fraction and 
temperature as presented by contour plots and diagrams. The results show high performance 
for the copper foam-PCM unit compared with on its own PCM, for reducing the melting time 
by almost 85%. By changing the location of constant temperature heater from the bottom to 
the side and top surface, the melting time decreases by 70.5% and 4.7%, respectively. By using 
a multiple-segment porous system, the melting time reduces by 3.5% compared with the case 
of uniform porosity. Furthermore, the more accurate non-equilibrium numerical model shows 
a 7.4% difference in the melting time compared with the equilibrium model. This study 
optimises the design to improve practical application performance and to reduce waste energy. 
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Nomenclature 
𝐴𝑚 Mushy zone constant 𝑡𝑚 Melting/solidification time (s) 
C Inertial coefficient of porous medium 𝑇 Temperature (K) 
𝐶𝑝,𝑓 Specific heat of PCM (J/kgK) 𝑇𝑟𝑒𝑓  Reference temperature (K) 
𝑐𝑝,𝑠 Specific heat of solid (J/kgK) ?⃗?  Velocity vector (m/s) 
𝑐𝑝,𝑓 Specific heat of fluid (J/kgK)   
𝑑𝑝 Pore size (m) Greek symbols 
𝑑𝑙 Ligament diameter of the porous medium (m) 𝛽𝑓 Thermal expansion coefficient (1/K) 
𝑔 Gravitational acceleration (m/s2) 𝜀 Porosity  
ℎ
 
Sensible enthalpy (J/kg) 𝜆 Liquid fraction 
ℎ𝑟𝑒𝑓  Sensible enthalpy at reference temperature (J/kg) 𝜇𝑓 Dynamic viscosity (kg/ms) 
𝐻 Total enthalpy (J/kg) 𝜌𝑓 Density (kg/m
3) 
𝑘𝑒-𝑘𝑒𝑓𝑓  
Effective thermal conductivity (W/mK) 𝜌𝑓,𝑟𝑒𝑓   Density at reference temperature (kg/m
3) 
𝑘𝑓𝑒 
Thermal conductivity of fluid (PCM) (W/mK) 𝜔 Pore density (PPI) 
𝑘𝑠𝑒 
Solid Thermal conductivity (porous material) 
(W/mK) 
∆𝐻  Latent heat (J/kg) 
𝐾 
 
Permeability of porous medium (m2) ∆𝑃 Pressure drop (Pa) 
𝐿𝑓 
Latent heat of fusion (J/kg)   
𝑚𝑝𝑐𝑚 
Mass of PCM (kg) Subscripts 
𝑚𝑝𝑜𝑟 Mass of porous medium (kg) 𝑓 Fluid (PCM) 
𝑃
 
Pressure (Pa) 𝑠 Solid (metal foam) 
𝑆  Source term in momentum equation 𝑟𝑒𝑓 Reference 
𝑆𝐿 Source term in energy equation   
 
1. Introduction 
Fossil fuel is the main source of the 1018 J of energy consumed daily in the world. This fuel 
has two main negative impacts, polluting emissions to the environment, and wasting heat due 
to low-efficiency systems. The temperatures which are released to the environment vary 
between 35°C in many power plants to 1600°C in some ironmaking factories. Effective energy 
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storage is required to solve some environmental concerns and to find advantages from the 
wasted heat in addition to the other applications of thermal energy storage [1]. 
There are different types of thermal storage materials used depending on their features and the 
function of usage. Phase change materials (PCMs), which consider as latent heat thermal 
energy storage materials, release or absorb heat during the phase change process [2]. PCMs 
have been examined in construction field [3, 4], industrial waste heat recovery [5], solar heat 
source systems [6-8] and the thermal stability of PCMs have been investigated by repeating 
thermal cycle tests [9, 10]. The disadvantage of the PCMs is presented as a low thermal 
conductivity (around 0.2 W/m K for most paraffin [11]), which causes a low power density and 
slow charging/discharging rate. Several studies have considered solving this issue by studying 
the thermophysical properties of PCMs [12-14]; others are interested in improving the 
efficiency of the related heat exchangers [15-19]. 
Heat transfer efficiency in PCM can be improved via various techniques; high thermal 
conductivity extended surfaces [20-23]; mixing PCM with high thermal conductivity materials, 
such as expanded graphite [24-26] or silicon carbide ceramic [27]; heat pipes [28, 29]; metal 
foam or matrix [30-33]; nanomaterial technology [34-37]. Metal foam is considered as one of 
the best techniques to enhance the heat transfer in PCMs as reported by Mahdi and Nsofor [22] 
who studied numerically the heat transfer enhancement in the PCM using multiple-segment 
metal foam. They suggested that multiple-segment metal foam, following in the heat flow 
directions, is useful to provide a uniform temperature distribution. In a separate study [22], they 
investigated the effects of the nanoparticles and fins addition on the solidification rate of PCMs 
and found that using fins improves the phase change rate better than alone nanoparticles or the 
combination of both.  
There are some evidence of phase change process through a system filled with a porous 
medium or metal foam. The effect of the porosity of Aluminium metal foam on the latent heat 
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storage (LHS) device was experimentally investigated by Atal et al. [30]. They found that the 
lower porosity could make the phase change cycle time shorter due to the consequent amount 
of high conductive metal foam. Zhao et al. [38] studied the effects of the copper metal foam on 
the phase change rate of RT58 and stated that the metal foam can enhance the phase change 
rate around 10 times depending on the material and the conditions used. Xu et al. [39] studied 
numerically the PCM thermal energy storage using a porous medium with partial filling. The 
results showed that when the porous medium located on the lower part of the PCM, the thermal 
conductivity increased, which reduced the melting time and gave constant melting rate. Lafdi 
et al. [40] experimentally studied the influence of porosity and pore size of metal (Al) foam on 
the melting rate of paraffin. They found that the temperature can achieve a steady state quicker 
by using higher porosity and pore size of the metal foam. Nithyanandam and Pitchumani [41] 
numerically studied the effect of metal foam on LHS system in heat pipes. They found that 
lower pore size improves the rate of heat transfer. The rate of energy transfer of the LHS system 
worked with pure molten salt was studied experimentally and numerically by Zhang et al. [42]. 
They found that the natural convection heat transfer reduces by using metal foam. Yang et al. 
[43] and Zhu et al. [44] stated that using multiple-metal foam sections could enhance the 
storage efficiency of the PCMs. 
Accelerating the phase change process causes a higher natural convection heat transfer as well 
as providing a cost-effective consideration by saving some PCM or reducing the power applied 
to the system. Tao et al. [45] experimentally investigated the influence of the phase change rate 
efficiency of the PCM in a horizontal pipe. They stated that increasing the area of the natural 
convection reduces the melting time of the PCM. Wang et al. [46] simulated the phase change 
process of the PCM in sleeve-pipes and compared it with the effect of the fin shape tube. They 
found that by considering the natural convection, the effective angle of the tubes was between 
60o – 90o from the horizontal. Tao et al. [47] investigated the performance of an energy storage 
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system under the effect of natural convection. They found that adding fins to the tube 
accelerates the melting rates and makes the melting more uniform on the boundary. 
 All the presented investigations studied one side of the PCM phase change such as studying 
the effect of the porous medium or the fins, nanoparticles, porosity and the pore size. Therefore, 
the authors found that studying different aspects of one system is important to understand how 
different variables affects the performance of the phase change process. The current work 
numerically investigates the melting process performance in a symmetric square container 
filled with copper foam impregnated with paraffin wax. Heat transfer rate, average temperature 
and velocity caused by natural convection are studied and compared in various cases including 
effects of porosity, pore size, non-equilibrium porous medium, multiple-segment porous 
system and different heater locations in the system. The current study provides guidance for 
good design practice and optimizes the conditions that could apply to similar PCM storage 
systems. This study also aims to develop the possibility of practical application for high-
performance LHS units using metal foam-PCM composite. 
 
2. Mathematical modelling 
The principle of equalizing the porosity and the liquid fraction which is called the enthalpy-
porosity model was considered in the numerical approach of the melting process. The pressure 
drop is accounted for the momentum equation due to viscous and inertial losses, which caused 
by the porous medium and the solidification state [48]. The numerical assumptions [49, 50]: 
• An incompressible and Newtonian fluid is assumed for the liquid phase.  
• Boussinesq approximation is applied to consider the effect of natural convection due to 
the small temperature gradient in the field. 
• The porous medium is assumed homogeneous and isotropic. 
6 
 
• The volume expansion of the PCM is neglected during phase change due to considering 
a close system. 
• Viscous dissipation is negligible. 
Then, the governing equations are given as [42]: 
Continuity:  
𝜕𝜌𝑓
𝜕𝑡
+ 𝛁. 𝜌𝑓?⃗? = 0 (1) 
Momentum:  
𝜌𝑓
𝜀
𝜕?⃗? 
𝜕𝑡
+
𝜌𝑓
𝜀2
(?⃗? . 𝜵)?⃗? = −𝜵𝑃 +
𝜇𝑓
𝜀
(𝛻2?⃗? ) − 𝜌𝑓,𝑟𝑒𝑓𝛽𝑓𝜀(𝑇 − 𝑇𝑟𝑒𝑓)𝑔 − 𝑆 − 𝐹  (2) 
Both thermal models of non-equilibrium and equilibrium are considered in this study for the 
energy equation as described in the ANSYS FLUENT theory guide. Energy equation for the 
equilibrium model, in which the porous medium and PCM in each cell have the same 
temperature is given as: 
𝜕𝜀𝜌𝑓𝐶𝑝,𝑓𝑇
𝜕𝑡
+ 𝜵(𝜌𝑓𝐶𝑝,𝑓?⃗? 𝑇) = 𝛻(𝑘𝑒𝜵𝑇) − 𝑆𝐿 (3) 
Energy equation for non-equilibrium model, in which the porous medium and PCM establish 
heat transfer between them is given as: 
For the PCM: 
𝜕𝜀𝜌𝑓𝐶𝑝,𝑓𝑇𝑓
𝜕𝑡
+ 𝜵(𝜌𝑓𝐶𝑝,𝑓?⃗? 𝑇𝑓) = 𝜵(𝑘𝑒𝜵𝑇𝑓) − 𝑆𝐿 − ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑓 − 𝑇𝑠) (4) 
For the porous medium: 
(1 − 𝜀)𝜌𝑠𝐶𝑝,𝑠 (
𝜕𝑇𝑠
𝜕𝑡
) = 𝜵(𝑘𝑠𝑒𝜵𝑇𝑠) − ℎ𝑠𝑓𝐴𝑠𝑓(𝑇𝑠 − 𝑇𝑓) (5) 
In the thermal equilibrium model, volume average thermal conductivity is assumed between 
the PCM and the porous medium as [50]: 
𝑘𝑒 = (1 − 𝜀)𝑘𝑠 + 𝜀𝑘𝑓 (6) 
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In the thermal non-equilibrium model, the effective thermal conductivity of the fluid and solid 
should be determined and employed independently. There are different theoretical models in 
the literature based on the porous characteristics, the thermal conductivity of solid and fluid [51-
55]. The models are classified based on the unit cell. The ‘tetrakaidecahedron’ cell model of 
Boomsma and Poulikakos is introduced in this study which is first introduced in 2001 [52] and 
then corrected in 2011 [56]. In this model, the effective thermal conductivity is defined as [52, 
56]: 
𝑘𝑒𝑓𝑓 =
1
√2(𝑅𝐴 + 𝑅𝐵 + 𝑅𝐶 + 𝑅𝐷)
 (7) 
where 
𝑅𝐴 =
4𝜎
(2𝑒2 + 𝜋𝜎(1 − 𝑒))𝑘𝑠 + (4 − 2𝑒2 − 𝜋𝜎(1 − 𝑒))𝑘𝑓
 (8) 
𝑅𝐵 =
(𝑒 − 2𝜎)2
(𝑒 − 2𝜎)𝑒2𝑘𝑠 + (2𝑒 − 4𝜎 − (𝑒 − 2𝜎)𝑒2)𝑘𝑓
 (9) 
𝑅𝐶 =
√2 − 2𝑒
√2𝜋𝜎2𝑘𝑠 + (2 − √2𝜋𝜎2)𝑘𝑓
 (10) 
𝑅𝐷 =
2𝑒
𝑒2𝑘𝑠 + (4 − 𝑒2)𝑘𝑓
 (11) 
where 𝑒 = 0.16 and 
𝜎 =
√
√2(2 − (
3√2
4 ) 𝑒
3 − 2𝜀)
𝜋(3 − 2√2𝑒 − 𝑒)
 
(12) 
and 
𝑘𝑓𝑒 = 𝑘𝑒𝑓𝑓|𝑘𝑠=0 (13) 
𝑘𝑠𝑒 = 𝑘𝑒𝑓𝑓|𝑘𝑓=0 (14) 
To calculate the local heat transfer between the porous medium and PCM, the porous structure 
is usually considered as cylinders and the laminar flow of liquid PCM in porous structure is 
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considered similar to the flow around a cylinder. Therefore, in Eqs. (4-5), the interstitial heat 
transfer coefficient is calculated as [42, 57]: 
ℎ𝑠𝑓 = {
0.76𝑅𝑒𝑑
0.4𝑃𝑟0.37𝑘𝑝𝑐𝑚/𝑑𝑙   𝑓𝑜𝑟      0 < 𝑅𝑒𝑑 ≤ 40
0.52𝑅𝑒𝑑
0.5𝑃𝑟0.37𝑘𝑝𝑐𝑚/𝑑𝑙   𝑓𝑜𝑟      40 < 𝑅𝑒𝑑 ≤ 1000
0.26𝑅𝑒𝑑
0.6𝑃𝑟0.37𝑘𝑝𝑐𝑚/𝑑𝑙   𝑓𝑜𝑟      1000 < 𝑅𝑒𝑑 ≤ 20000
 (15) 
where 
𝑅𝑒𝑑 = 𝜌𝑝𝑐𝑚√𝑢2 + 𝑣2𝑑𝑙/(𝜀𝜇𝑝𝑐𝑚) (16) 
and 𝐴𝑠𝑓 is the specific surface area of the porous medium given as: 
𝐴𝑠𝑓 =
3𝜋𝑑𝑙(1 − 𝑒
−(1−𝜀) 0.04⁄ )
0.59𝑑𝑝
2  (17) 
The source terms in the momentum equation are accounted for the pressure loss due to the 
influence of the melting process, which are defined according to the Darcy’s law of damping 
as [49]: 
𝑆 = 𝐴𝑚
(1 − 𝜆)2
𝜆3 + 0.001
?⃗?  (18) 
It should be noted that the porosity in the governing equations for PCM only case is equal to 1 
and the momentum equation lost the source terms due to the presence of porous media. 
Additionally, 𝜆 is defined as [58]: 
𝜆 =
∆𝐻
𝐿𝑓
=
{
 
 
 
 0                                                    𝑖𝑓  𝑇 < 𝑇𝑆𝑜𝑙𝑖𝑑𝑢𝑠
1                                                   𝑖𝑓  𝑇 > 𝑇𝐿𝑖𝑞𝑢𝑖𝑑𝑢𝑠
𝑇 − 𝑇𝑆𝑜𝑙𝑖𝑑𝑢𝑠
𝑇𝐿𝑖𝑞𝑢𝑖𝑑𝑢𝑠 − 𝑇𝑆𝑜𝑙𝑖𝑑𝑢𝑠
             𝑖𝑓   𝑇𝑆𝑜𝑙𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝐿𝑖𝑞𝑢𝑖𝑑𝑢𝑠
}
 
 
 
 
 
(19) 
where ∆𝐻 may vary between zero for solid and 𝐿𝑓 for liquid.  
The total enthalpy can calculated as: 
𝐻 = ℎ + ∆𝐻 (20) 
where ℎ is defined as follows: 
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ℎ = ℎ𝑟𝑒𝑓 +∫ 𝐶𝑝𝑓𝑑𝑇
𝑇
𝑇𝑟𝑒𝑓
 (21) 
The last term on the right-hand side of the momentum equation, which caused by the porous 
medium is defined as:  
𝐹 = (
𝜇𝑓
𝐾
+
𝜌𝑓𝐶|?⃗? |
√𝐾
) ?⃗?  (22) 
where |?⃗? | is the magnitude of the velocity vector. In the above equations, the first term is the 
viscous loss term and the second term is the inertial loss term. In these equations, 𝐾 and C are 
given as [48]: 
𝐾 = 0.00073𝑑𝑝
2(1 − 𝜀)−0.224 (
𝑑𝑙
𝑑𝑝
)
−1.11
 (23) 
𝐶 = 0.00212(1 − 𝜀)−0.132 (
𝑑𝑙
𝑑𝑝
)
−1.63
 (24) 
where 𝑑𝑙 is obtained as [18, 32, 50]: 
𝑑𝑙 = 1.18𝑑𝑝√
1 − 𝜀
3𝜋
(
1
1 − 𝑒−(1−𝜀)/0.04
) (25) 
and 𝑑𝑝 is calculated as: 
𝑑𝑝 = 0.0254/𝜔 (PPI) (26) 
where 𝜔 is defined in terms of PPI means the number of pores per inch. 
The source term in the energy equation is given as [59]: 
𝑆𝐿 =
𝜕𝜀𝜌𝑓𝜆𝐿𝑓
𝜕𝑡
+ 𝛻(𝜌𝑓?⃗? 𝜆𝐿𝑓) (27) 
 
3. Geometry and boundary conditions: 
The LHS containment is a rectangular box with the dimensions of 5cm×5cm×15cm filled 
firstly with copper foam and PCM and then with PCM only. Due to the symmetric condition 
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of the problem, only one-quarter of the system is modelled using the symmetry boundary 
condition which is also assumed in different studies in the literature [49, 50, 60]. Apart from 
the heated surface, all the other walls are considered adiabatic to eliminate the effect of heat 
loss. The geometry, as well as the boundary conditions, are shown in Fig. 1 which shows 
different heater locations considered. The initial temperature of the PCM is 292 K. Note that 
for all the porous cases, the dimensions of the system (in x and z-directions) are enhanced to 
have the same mass of the PCM in order to have an equal heat storage capacity for all studied 
systems which makes the comparison more straightforward.  
 
 
RT-35 (RUBITHERM) is considered as the PCM because it has a relatively low melting 
temperature (35 oC) comparing to the other materials. The physical properties of RT-35 
presented in Table 2. 
 
 
 
Fig. 1. The schematic of the studied geometry (not in scale) 
5cm 
2.5cm 
1
5
cm
 
Symmetric 
planes 
Different heater (373 K) 
positions in different 
cases 
Geometry padded with 
porous medium and 
PCM with initial temp. 
292 K 
Adiabatic walls 
X 
Z 
Y 
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Table 2 Physical properties of RT 35 [36] 
Property RT35 
Liquidus temperature (°C) 309 
Solidus temperature (°C) 302 
Heat of fusion (kJ/kg) 170 
Specific heat (kJ/kg.K) 2 
Density (kg/m3) 815 
Thermal conductivity (W/m.K) 0.2 
Viscosity (Pa.s) 0.023 
Thermal expansion coefficient (1/K) 0.001 
 
4. Numerical process and validation 
The governing equations of this process are solved by ANSYS-FLUENT with the aid of User-
Defined Functions (UDF) for calculating the interfacial heat transfer coefficient between the 
PCM and the metal foam in the porous case in the thermal non-equilibrium model as described 
in section 2. The governing equations are discretised with a double precision solver using the 
SIMPLE algorithm. PRESTO pressure interpolation scheme is used due to buoyancy, while 
the quadratic upwind discretisation, QUICK scheme is employed for the momentum and 
energy equations, both for enhancing the accuracy of the numerical method. The values for 
under-relaxation factors are set to 0.3, 0.3, 0.8 and 0.5 for the pressure, velocity, energy, and 
the liquid fraction, respectively. The convergence criteria for continuity, momentum and 
energy equations are set to 10-4, 10-4 and 10-6, respectively.  
For the mesh independency analysis, a different number of cells are studied presented in Table 
2 for different numbers of cells in the y-direction. Note that 25 cells are considered for both x 
and z-direction. Due to the natural convection in the y-direction, a higher number of cells is 
applied in the y-direction. As shown, after the cell number of 60, increasing the number of cells 
has no considerable effect on the results and therefore the number of cells is considered 60 for 
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further analysis. The size of the time step is considered 0.5 s and 0.25 s for the cases of porous- 
PCM and PCM only, respectively.  
 
Table 2. Mesh independency analysis, a different number of cells 
Number of 
cells in Y 
direction 
Melting         
time (s) 
Average temperature 
with total converted 
phase (K) 
Average 
temperature 
after 1000 s (K) 
Heat flux in total 
phase change 
(W/m2) 
Heat flux in 
1000 s 
(W/m2) 
Time of 
simulation for 
1000 s in (hour) 
40 737 335.06 350.22 13.72 8.14 12.5 
50 740 335.71 351.15 13.85 8.42 14 
60 745 337.26 352.97 14.1 8.98 15.4 
70 745 337.52 353.37 14.15 9.1 17.2 
80 746 337.46 353.26 14.13 9.06 19 
 
The mushy-zone constant is selected from the literature that performed a CFD simulation using 
ANSYS FLUENT software. 𝐴𝑚 is defined in the range of 10
4-107 kg/m3s which should be 
determined based on an experimental study and varied with the geometrical and operating 
conditions of the system. 𝐴𝑚 is an important parameter for the effect of natural convection 
after the presence of liquid PCM in the domain. However, in the presence of the porous 
medium, due to the small effect of natural convection, 𝐴𝑚 has a small effect on the flow 
distribution. For the sensitivity analysis, three different values of 104, 105 and 106 are examined 
for 𝐴𝑚 and the results show less than 0.5% difference on the melting time for different cases. 
Therefore, as recommended in many studies in the literature, 𝐴𝑚 is considered equal to 10
5 
[61-63]. 
The schematics of the entire computational mesh, as well as the front view and top view, are 
shown in Fig. 2. Note that a finer mesh is employed near the walls due to the formation of the 
thermal boundary layer in this area. 
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Fig. 2. The computational domain at different views 
 
To validate the code, the experimental results of Zhao et al. [11, 38] are used for comparison 
using RT-58 PCM with a porous medium (porosity of 95% and pore density of 10 pores per 
inch (PPI)). The studied geometry is a rectangular enclosure with a heat flux boundary 
condition from the bottom and free convection for the external walls. The results of the 
temperature at the centre at the height of 8 mm from the bottom are presented in Fig. 3 and an 
excellent agreement can be found between different studies. As shown, the thermal equilibrium 
model is not capable to simulate the PCM embedded in the porous medium very well especially 
after the liquidus temperature. 
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Fig. 3. The validation results of porous-PCM in compare with different numerical and experimental studies in 
the literature [11, 50] 
 
5. Results and discussion 
In this study, after comparing the results of the porous-PCM composite case with the PCM 
only, the effects of porosity and pore density are studied. Then, the influence of the thermal 
non-equilibrium model of the porous-PCM is compared with the equilibrium model and at last 
the effect of the location of the heater and the multiple-segment of the porous medium are 
investigated.  
 
5.1. Effect of the presence of a high conductivity metal foam 
For the PCM only, initially, the heat transfers by conduction in the solid mass of the PCM, after 
the melting process, the heat transfers via convection and conduction. To increase the heat 
transfer inside the PCM, a porous foam is prepared and the PCM is injected into the porous 
medium results in the enhancement of heat transfer rate in the domain. Therefore, the heat is 
transferred from the heater faster in the entire domain which reduces melting time. Fig. 4 
illustrates the contour plot of liquid fraction for the cases of porous-PCM with the porosity of 
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90% and pore density of 30PPI and PCM only, respectively, at different times. A higher amount 
of PCM liquid fraction can be seen for the case of porous-PCM due to the higher rate of heat 
transfer in the domain. In the porous-PCM unit, the heat is transferred by a conduction 
mechanism through the high conductivity metal porous medium in the PCM only. However, in 
the PCM only system, natural convection gradually becomes dominant for transferring heat. 
After 800s, all the PCM melts in the case of porous-PCM; however, the liquid fraction is only 
0.174 for the case of PCM only. 
Fig. 5 shows the contour plot of temperature at different times for the systems of porous-PCM 
compared with the PCM only system. Higher temperature for the porous-PCM case can be seen 
compared with the PCM only case. Due to the domination of natural convection in the PCM 
case, the Benard formation, which defines as natural convection, happening in a horizontal 
layer of fluid heated from below. However, for the porous-PCM, just the conduction heat 
transfer can be seen causes uniform layers of PCM with different temperatures. For the PCM 
only system, the generated vortices due to natural convection start to join and become larger, a 
phenomenon also established in the literature [64]. After the melting process, a lower 
temperature gradient happens in the presence of porous medium and the magnitude of 
minimum temperature is much higher than PCM only since there is still solid PCM at the initial 
temperature in the domain. 
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Fig. 4. The contour plot of liquid fraction at different times for the porous-PCM case compared with PCM 
only 
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Fig. 5. The contour plot of temperature distribution at different times for the porous-PCM case compared with 
PCM only 
 
To better understand the PCM only system, Fig. 6 shows the distribution of liquid fraction and 
temperature at different times for the PCM only system after 2000 s until the end of the melting 
process which is 5174s. With the elapse of time, the effect of natural convection increases in 
18 
 
the domain and becomes dominant and therefore by circulating of the liquid PCM, the rate of 
heat transfer increases which helps the heat storage process. 
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Fig. 6. The contour plot of temperature distribution at different times for the porous-PCM case compared 
with only PCM 
 
The variation of average PCM liquid fraction and temperature as a function of time is shown 
in Figs. 7-a and 7-b, respectively. The temperature of PCM in the presence of the porous 
medium is higher than the PCM only system, causing a higher liquid fraction at all times. By 
using the porous medium inside the PCM, the melting time reduces by almost 85% compared 
with the only PCM system.  
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a)  
 
b)  
Fig. 7. The variation of mean a) Liquid fraction and b) temperature as a function of time for the porous-PCM 
compared with the PCM only 
 
Fig. 8 presents the temperature at different heights for both systems of porous-PCM and PCM 
only at the centre of the system. For the PCM only system, the temperature remains at the initial 
temperature (292K) until the melting front reaches the point; however, for the porous- PCM, 
due to the high rate of heat transfer, the temperatures at different heights rise from the 
beginning. The temperatures at the height of 7.5 and 12.5 cm rise after 1800 s and 3440 s, 
20 
 
respectively, in the PCM only case. Due to the natural convection effect and recirculation of 
the flow, a fluctuation is observed in the temperature of each point. 
 
 
a) 
 
b) 
Fig. 8. The variation of temperature at different heights as a function of time for the cases 
of a) the porous-PCM and b) the PCM only 
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5.2. Effect of porosity 
By reducing the porosity of the metal foam and as a result increasing the amount of high 
conductivity metal in the system, a higher rate of heat transfer is achieved as expected. 
Therefore, the PCM melts in a shorter time. However, it is not recommended due to the 
consequent reduction of the mass of PCM in the system which is the main volume of heat 
storage [32]. Figs. 9-a and 9-b illustrate the variation of liquid fraction as well as temperature 
as a function of time for different porosity of the metal foam. By increasing the portion of metal 
foams from porosity of 0.95 to 0.9 and 0.85, the melting time reduces by 50.7% and 67.9%, 
respectively. As shown in Fig. 9-b, at an identical time, the temperature increases faster for 
lower porosity. 
 
a) 
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5.3.Effect of pore density 
Fig. 10 shows the effect of pore density on the liquid fraction and temperature variation of the 
porous PCM LHS unit. The pore density has a negligible effect on the temperature profile 
inside the domain and therefore there is no considerable change happens for a different pore 
density of the metal foam which was also indicated in the literature [50]. Therefore, the melting 
time is not changed for a different pore density of the metal foam. 
The reason is that since the porosity is considered constant, the amount of metal used in the 
unit is constant. For example, for the case of 10 PPI compared with 50 PPI, lower number of 
pores are placed in the unit length of the system. However, to have a constant porosity, the 
metal thickness between to pores should be higher for the case of 10 PPI compared with 50 PPI 
which cause a higher effective thermal conductivity. On the other hand, for the case of 50 PPI, 
the PCM is divided by a higher number of such an encapsulation which results in higher 
performance compared with 10 PPI case. As shown, one positive effect and one negative effect 
of pore density results in an almost negligible effect on the temperature and liquid fraction. 
 
b) 
Fig. 9. The variation of mean a) Liquid fraction and b) temperature as a function of time 
for the porous-PCM system for different porosity 
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a) 
 
b) 
Fig. 10. The variation of mean a) Liquid fraction and b) temperature as a function of time 
for the porous-PCM system for different pore densities of the metal foam 
 
5.4. Effect of thermal model: Non-equilibrium vs Equilibrium 
Two different thermal models are available to solve the energy equation, the non-equilibrium 
model, which considers the heat transfer between the liquid phase and the solid porous medium 
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and the equilibrium model which simplifies the energy equation by considering the temperature 
of the liquid PCM and porous medium to be the same, as for a homogeneous mixture. The 
results of the non-equilibrium model are much closer to reality than the equilibrium model. As 
shown in the validation section, especially after the liquidus temperature, the thermal 
equilibrium model cannot predict the temperature distribution very well and the disagreement 
enhances for a higher temperature. However, in phase change materials, since the operating 
temperature range is highly localised at the melting point, the results of the two different models 
might be close. Figs. 11-a and 11-b illustrate the variation of liquid fraction and temperature as 
a function of time for the two models. As shown in the temperature profile, the difference 
between the two models is more related to the time post melting only. During the melting 
process, the temperatures based on both models are almost the same which is also shown in 
Fig. 3. As shown, the melting time is a little higher for the non-equilibrium model compared 
with the equilibrium one. 
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b) 
Fig. 11. The variation of mean a) Liquid fraction and b) temperature as a function of time 
for the porous-PCM system for different thermal models 
 
5.5.Effect of heater location 
Three different locations are considered for the heater in this study including the entire surface 
of the bottom and top as well as the same area in the side wall as shown in Fig. 1. For the top 
and bottom heaters, due to the effect of gravity and natural convection, the location of the heater 
affects the melting process. However, in the porous-PCM cases, due to the presence of the 
porous medium which makes a flow resistance and therefore suppressing the effect of natural 
convection, the effect of the heater location is expected to be low. For the side heater, since the 
type of heating element is a constant temperature heater in the study, it can spread out the heat 
from the middle of the domain better than the top or bottom heaters. In other words, by locating 
the heater at the middle of the unit, the heat can be transferred to all the domain faster. Figs. 
12-a and 12-b illustrate the effect of heater location on the liquid fraction and average 
temperature as a function of time. Both liquid fraction and temperature almost coincide to each 
other for the heater located at the top and bottom of the domain due to the mentioned reason. 
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The melting time decreases by only 4.7% for the top heater compared with the bottom heater 
due to small effect of natural convection. For the side heater, the melting time decreases by 
almost 70.5% compared with that for the bottom heater. As shown in Fig. 12-b, high average 
temperature of PCM for the side heating can be shown compared with the bottom or side 
heating. After the time of 220 s when all the PCM melts for the side heating case, the mean 
temperature rises sharply since the PCM gains all the required latent heat and places in the 
sensible heat section. After almost 800 s, the PCM average temperature almost reaches to the 
heater temperature for the side heating case. 
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b) 
Fig. 12. The variation of mean a) Liquid fraction and b) temperature as a function of time 
for the porous-PCM system for different locations of the heater 
 
 
5.6.Effect of multiple-segment metal foam instead of one 
By using a porous material in the latent heat storage systems, in one hand, heat transfer rate 
inside the PCM enhances resulting in a shorter melting time which is more effective by 
reducing the porosity. On the other hand, it reduces the total mass of the PCM in the unit which 
would be otherwise replaced by the PCM which stores a higher amount of heat. Therefore, high 
porosity is always recommended. In this study, instead of using a porous material with the 
porosity of 90% in the whole domain, three different porous media are employed with the 
porosity of 85% at the bottom, 90% in the middle and 95% at the top for the heater located at 
the bottom of the system. The reason for using the least porosity at the bottom is that this 
section is connected to the heat source and therefore the foam with a lower porosity can transfer 
the heat faster from the heater to all the domain.  
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Fig. 13 illustrates the contour plot of liquid fraction and temperature at different times using 
the multiple-segment porous medium which can be compared with the results of uniform 
porosity of 90% in Fig. 4 for the liquid fraction and Fig. 5 for the temperature. Higher values 
of the liquid fraction can be seen for the multiple-segment unit compared with the uniform 
case. 
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Fig. 13. The contour plot of liquid fraction and the temperature distribution in case of 
multiple-segments metal foam 
 
Figs.14-a and 14-b illustrate the effect of using the multiple-segment porous medium on the 
mean liquid fraction and temperature variation with time. A higher average temperature of the 
29 
 
PCM can be seen for the constant porosity case compared with the multiple-segment unit; 
however, the average melting time reduces by 3.5%. At the beginning, the liquid fraction of 
the multiple-segment unit is lower than the constant porosity case since the mass of PCM at 
the bottom of the storage unit for the multiple-segment system is less than that for the uniform 
porous system and the heat is more transferred by the porous medium rather than storing in the 
PCM. However, at the end of the process, higher values of average liquid fraction can be seen 
for an identical time. 
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b)  
Fig. 14. The variation of mean a) Liquid fraction and b) temperature as a function of time 
for the multiple-segment porous-PCM system compared with the uniform porous system 
 
To better understand the effect of the multiple-segment porous unit, Fig. 15 displays the 
variation of temperature at different points in different zones of the domain. The temperature 
at the height of 2.5cm rises rapidly due to the low porosity of the foam in the bottom layer as 
well as the small distance from the heat source. As shown, the rate of temperature enhancement 
reduces by increasing the porosity at each layer. 
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Fig. 15. The variation of temperature at different heights as a function of time for the 
multiple-segment porous case 
 
This study shows that the composition of the low porosity porous-PCM composite with 
multiple-segment porous structure gives better performance (regarding the heat transfer and 
melting time) of the phase change process in the latent heat storage systems. 
 
6. Conclusion 
Phase change material in the thermal energy storage unit has fairly low thermal property values 
which affects negatively on the energy system performance. This study aimed to find the 
optimal values of different design variables to enhance the performance of the system. The 
effects of copper foam porosity and pore size, non-equilibrium porous medium model case, 
multiple-porous segment system and different heater locations in the system were studied on 
the heat transfer performance including the liquid fraction and temperature in a vertical 
rectangular container. The numerical finding was validated by experimental data. After 
showing the advantages of porous-PCM, it can be concluded that providing the porous foam 
accelerates the melting rate and the low porosity shows better performance than the high 
porosity with no effects registered by changing the pore size. The use of multiple-segment 
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porous structure instead of the uniform one shows a reduction of 3.5% in the melting time. The 
porous-PCM composite shows an 85% reduction in the melting time compared with the PCM 
only system. A more accurate non-equilibrium model shows 7.4% difference in melting time 
compared with the equilibrium model. By changing the location of the constant temperature 
heater from the bottom to the side and top surface, the melting time decreases by 70.5% and 
4.7%, respectively. The results of this paper provide guidelines to develop more efficient LHS 
unit for the practical application of a high-performance unit. 
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